Type 2 diabetes (T2D) is a major, rapidly increasing global public health challenge. The major risk factors for T2D include overweight and obesity, lifestyle-related factors and genetic factors. Early life exposures shape the developmental trajectories and alter susceptibility to T2D. Based on epidemiological studies it has been suggested that fetal undernutrition plays a role in the etiology of T2D. A low birth weight has been considered a proxy for fetal undernutrition. A meta-analysis reported that a 1 kg increase in birth weight is associated with a roughly 20% lower risk of T2D. Although fetal life is of major importance for future health, the period spanning the first 1000 days of life, is characterized by great plasticity and largely influencing later health. Different growth trajectories during this time period have also been associated with an increased risk of T2D. Studies assessing the association between age at BMI rebound in childhood and later risk for T2D have reported a fivefold difference in T2D according to age at BMI rebound. Developmental and epidemiological cohort studies focusing on T2D have major public health implications supporting a paradigm shift; a shift from focusing upon risk factor modification in adult life to adopting a life course perspective when studying T2D. This paradigm shift will not only help us in getting a better understanding of the pathophysiology underlying T2D, but it will also open new possibilities and opportunities in the prevention of T2D and related disorders.
used to be a disease of the elderly, but today people develop T2D at a younger age, which increases its impact on overall life course health.
Hyperglycemia, the characteristic feature and diagnostic criteria for diabetes, is not the major problem associated with the disease. Macrovascular and microvascular complications commonly associated with T2D form a huge disease burden. A major comorbidity of diabetes is cardiovascular disease (CVD), estimated to affect at least one-third of all individuals with diabetes. Because of the close association between diabetes and CVD, the rise in diabetes prevalence will have a huge impact on global health and also largely contribute to the increased cost of treating diabetes and diabetesrelated comorbidities (Grover et al. 2015 , Shah et al. 2015 , Rosengren 2018 .
Better knowledge of risk factors for T2D and the disease process has improved treatment outcomes. Obviously new therapeutic agents have played a role. Consequently, the prognosis of T2D has improved greatly both in relation to overall mortality and morbidity and overall social burden (Hu et al. 2001 , Emerging Risk Factors Collaboration 2010 , Peters et al. 2014 , Zinman et al. 2015 , Gaede et al. 2016 , Marso et al. 2016 , Bommer et al. 2017 , Rawshani et al. 2018 , von Bonsdorff et al. 2018 . The major risk factors of T2D include overweight and obesity, lifestylerelated factors and genetic factors. However, T2D is a multifactorial disorder and early life exposures shape the developmental trajectories and alter susceptibility to T2D, besides the traditional risk factors. Despite the fact that the hyperglycemia encountered in overweight people is commonly termed T2D the disease entity includes several different phenotypes, with hyperglycemia being the common feature, as described by Ahlqvist and coworkers (Ahlqvist et al. 2018) .
The relationship between globally increasing rates of T2D parallels the increasing rise in adiposity but it is not straightforward (NCD Risk Factor Collaboration 2016 , 2017 . One in four adults in the United Kingdom is obese while the corresponding number in the USA is one in three. However, prevalence estimates for T2D are much lower than those for obesity, being 6.6% and 8.2% in men and 4.9% and 6.4% in women, in the United Kingdom and the United States, respectively. Similar modest increase in T2D prevalence has been reported from other countries despite a rapid increase in obesity prevalence. Interestingly, in China, T2D prevalence is high despite a relatively low degree of obesity (Chan et al. 2009 , Ng et al. 2013 , Abraham et al. 2015 , Norhammar et al. 2016 , Read et al. 2016 . The underlying reasons for this discrepancy are not readily apparent. Genetic susceptibility has been proposed to be an underlying reason as well as a body composition predisposing to metabolic diseases despite a low BMI in several Asian populations. Prenatally and postnatally acting factors including nutrition, growth and developmental trajectories also play important roles. In fact, non-optimal prenatal growth and nutrition combined with an excess of calories in childhood and in adult life could explain part of the contemporary epidemic of T2D in several Asian countries (Hales & Barker 1992 , Zimmet et al. 2014 , Yin et al. 2016 , Krishnaveni et al. 2017 .
The objective of this review is to discuss epidemiological evidence of early life exposures and developmental trajectories and their associations with T2D in later life (Table 1) . Potential underlying mechanisms explaining the associations will not be discussed in greater details.
Body size at birth and type 2 diabetes in adult life
The concept that disease risk can pass across generations is not new, nor is the idea that factors active during early phases of life might be of major importance in determining later health. The latter was a concept already emphasized by Hippocrates (Jones 1868) .
Already in the 1930s some of the first suggestions that early life events might have long-term effects on future health and disease risk were put forward in a more scientific way (Kermack et al. 1934) . In the early 1970s Dörner and coworkers proposed that both preand postnatal conditions were related to later risk of arteriosclerosis. Dörner has also been given credit for introducing the term 'programming' in this field (Dörner 1973 . Programming can be defined as a consequence of a stimulus or insult during a critical time period inducing permanent changes in the structure and function of the developing tissues and organs. Another pioneer in this field was a Norwegian general practitioner Anders Forsdahl who in 1977 pointed out that there were relationships between early life conditions and the risks of CVD in later life (Forsdahl 1977) . From a historical point of view the 'fuel-mediated teratogenesis' hypothesis put forward by Freinkel needs be mentioned. In this hypothesis Freinkel tried to explain how the metabolic state of the mother could influence her offspring's risk for diabetes and other health outcomes (Freinkel 1980) . In 1985 based upon findings from the UK national birth cohort, it was reported that birth weight was inversely related to blood pressure (Wadsworth et al. 1985) .
However, these observations were not discussed or taken any further by the researchers. Similar to Forsdahl's observations in Norway, a Finnish study linked poverty in childhood with increased risk of CVD in adult life (Notkola et al. 1985) .
In 1986, David Barker and coworkers reported on a correlation between the geographical distribution of infant mortality and CVD in adulthood in the United Kingdom, also suggesting that early life factors and CVD have a common denominator. These publications were soon followed by more publications by Barker and his group (Barker & Osmond 1986 , 1988 .
Despite the previous findings reporting on an inverse association between birth size and CVD in adulthood the scientific diabetes community was stunned when Hales and Barker in 1991 reported an inverse association between birth weight and risk of developing T2D and/or impaired glucose tolerance (IGT) (Hales et al. 1991) . In fact, hardly anybody was ready to believe in these findings. Obesity was one of the best documented risk factors for T2D and the findings from the Hertfordshire study did not fit into this paradigm. This first piece of evidence showed that among 468 men born in Hertfordshire, UK, who were studied at a mean age of 64 years, the highest risk for impairment in glucose regulation was seen among men with the lowest birth weight and lowest weight at 1 year. The effect sizes were impressive: those men born with a birth weight ≤2495 g had an OR of 6.6 (CI 95% 1.5-28) compared to the reference group with a birth weight >4309 g. Men with previously known diabetes were excluded from the study and the analysis were adjusted for adult BMI. In the same study, it was also shown that blood pressure was inversely related to birth weight.
Based on the epidemiological studies and findings by David Barker and the Southampton group, it was suggested that fetal undernutrition would be important in the etiology of T2D -as well as in many other noncommunicable diseases (NCDs). Maternal undernutrition was suggested to be one major underlying cause leading to fetal undernutrition. In 1990 Barker put forward what has later been called the 'Barker hypothesis' proposing that intrauterine growth retardation, leading to a small body size at birth, has a causal relationship to the origins of hypertension, coronary heart disease and T2D. This hypothesis has also been called the Hales's hypothesis, the Fetal Origins of Adult Disease (FOAD) hypothesis and the thrifty phenotype hypothesis. Further development and deeper understanding around the importance of programming of health and disease has led to the development of the Developmental Origins of Health and Disease (DOHaD) hypothesis.
However, critical voices were raised opposing the findings by Barker and coworkers, suggesting that the findings could be largely due to confounding by socioeconomic status or by a biased sample selection. It is well known that lower socioeconomic status is associated with a higher prevalence of obesity, T2D as well as a smaller body size at birth. Further it was well known that gestational diabetes is associated with a larger birth weight or macrosomia but at the same time with an increased risk for T2D. In a study conducted in 1179 American Indians who had an oral glucose tolerance test done between 20 and 39 years of age it was shown that the prevalence of T2D was greatest in those with the lowest and highest birth weights. In other words, the association between birth weight and T2D was U-shaped in the Pima Indians. The association of T2D with high birth weight was largely explained by the presence of maternal diabetes during pregnancy (McCance et al. 1994) .
It is a well-known fact that T2D has a genetic component and one interesting proposal was put forward by James Neel already in the early 1960s (Neel 1962) . He hypothesized that a 'thrifty genotype' could be the underlying cause of the rapid increase in T2D and other NCDs. This genotype enabled storage of surplus energy primarily as fats during periods of plentiness and gave survival advantages during famines but would obviously become detrimental in societies characterized by continuous energy supply. The 'fetal insulin' hypothesis proposed that shared genetic variants inherited by the fetus could affect both fetal growth and predispose to adult disease including T2D (Hattersley & Tooke 1999) . This is still today, 20 years later, an area of active research (Horikoshi et al. 2016 , Beaumont et al. 2017 . More studies are needed to disentangle the shared environmental, genetic and social factors that lead to small body size at birth and predispose to T2D later in life. The attitude within the research community toward the 'Barker hypothesis' changed largely after findings from the United States and more precisely findings based on 69,526 women in the Nurses' Health Study who had self-reported data on birth weight. It was reported that birth weight was inversely associated with T2D in adulthood (Rich-Edwards et al. 1999) . Further adjustment for ethnicity, socioeconomic status in childhood and adult lifestyle factors did not substantially alter the associations. Based on findings from the same large cohort of women, an inverse association between birth weight and CVD had previously been reported (Rich-Edwards et al. 1997 ). Further, numerous animal studies have supported the 'Barker hypothesis' by demonstrating an independent effect of slow growth in utero and T2D in adult life. These animal studies were another major reason why the scientific community began to accept the hypothesis.
Findings reporting an inverse association between body size at birth and T2D have later been replicated in tens of studies and in several different populations around the globe. A systematic review published in 2008 examined the evidence on the association between birth weight and T2D in adults -primarily based upon epidemiological studies (Whincup et al. 2008) . The pooled OR for T2D was 0.75-0.78 per kilogram increase in birth weight depending on factors adjusted for. Adjustment for current BMI strengthened the association, while adjustment for socioeconomic status had little influence on the findings. In other words, a 1 kg increase in birth weight was associated with a roughly 20% lower risk of T2D. However, in some populations, primarily native North American populations a U-shaped association was acknowledged.
A more recent systematic review and meta-analysis including 21 studies involving over 300,000 people and over 20,000 cases with T2D showed similar findings as the systematic review by Whincup et al. (Whincup et al. 2008) . Compared with those with a birth weight between 2500 and 4000 g those born with a birth weight <2500 g had an OR for T2D of 1.41 (95% CI: 1.26-1.58). High birth weight was not statistically significantly associated with an increased risk for T2D (OR = 1.11, 95% CI: 1.00-1.24) in the more recent meta-analysis, although the trend was similar to the findings by Whincup and coworkers (Whincup et al. 2008 , Zhao et al. 2018 .
Birth weight is certainly a crude measurement of newborn size. However, the strong epidemiological findings suggest that factors active during prenatal life, and potentially influencing birth weight can have a lifelong influence on future health. A question of major importance to ask is why is a small birth weight associated with later adverse health outcomes? However, not only birth weight but also other measures of body size at birth like for example ponderal index, BMI and birth length have been associated with later health outcomes. The effects of body size at birth on future health occur across the entire range of birth sizes and is not a consequence of small body size at birth only. Interestingly, based on findings from the Netherlands, it has been shown that maternal malnutrition during gestation may permanently affect adult health in the offspring, even without affecting birth size of the newborn (Roseboom et al. 2001 , de Rooij et al. 2006 .
Growth in childhood and T2D in adult life
Although fetal life is of major importance for the future health, the first 1000 days of life, in other words, the time period spanning from conception until end of infancy or 2 years of age is characterized by great plasticity and is therefore an important period of opportunity for the foundations of health and development.
Based upon a large number of epidemiological studies, we know that the risk of T2D is increased in people who were born small. It is generally assumed that this increased risk for T2D among people born with a low birth weight is associated with increased adiposity in adult life. However, it is not obvious when the weight gain and increased adiposity predisposing to T2D takes place. Is it in infancy, in childhood or in adult life? Longitudinal studies spanning over decades are needed to determine this and answer the question.
In a longitudinal register-based study including 8760 subjects born 1934 to 1944, in Helsinki, Finland, and belonging to the Helsinki Birth Cohort Study (HBCS), who had on average 18 measurements of height and weight between birth and 12 years of age, the association between early growth and T2D was assessed. Those who later developed T2D had a small body size at birth and were small during infancy, compared to those in the cohort who did not develop T2D. However, after infancy, their weights and BMIs rose to exceed the average of that of the study cohort.
Since T2D is a heterogenous disorder, one could assume that there are several pathways leading to what we call T2D. There are several pathways potentially leading to a small body size at birth, including shorter gestation and slow fetal growth. However, little data are available in the literature focusing upon the impact of these different pathways on the heterogeneity of T2D.
Two pathways of infant and childhood growth that lead to T2D have been identified in HBCS. These were defined by dividing the study cohort into two groups according to median birth weights (i.e. 3500 g). Those with birth weights below 3500 g catched-up toward the average in height and weight soon after birth. Around 2 years of age, those who later developed T2D, began to gain weight more rapidly than the other children, they also reached weights and BMIs that were above the average for the cohort. In another group of children with birth weights below 3500 g, the linear growth of those children who developed T2D in adulthood faltered during early infancy. Around 2 years of age, their rate of gain in weight and BMI became more rapid than that of the other children in this group, and they also reached weights and BMIs that were above the group average (Eriksson et al. 2003a) . The clinical T2D phenotypes in adult life also differ between these two groups.
Similar findings have been reported based upon a clinical study including 2003 people aged 61 years with growth data from birth throughout childhood from the HBCS cohort. Subjects with T2D and/or IGT were identified with a 2-h 75 g oral glucose tolerance test. Consistent with findings from larger epidemiological cohorts both IGT and T2D were associated with low birth weight. The risk was further increased in those who had a low weight gain during infancy; a 1 s.d. increase in weight at 2 years was associated with a 24% lower risk for either IGT or T2D. A rapid increase in BMI between 2 and 11 years was associated with an increased risk for T2D (Eriksson et al. 2006) . Similar findings as those reported in the HBCS have been described in a longitudinal study from India, in the New Delhi Birth Cohort, including 1492 men and women aged 26-32 years at the time of the study and who grew up at a time of rapid nutritional transition. Those who later developed T2D or IGT, which was >15% of the study cohort, typically had a low BMI during infancy followed by an accelerated increase in BMI until adult life. Those individuals who developed impaired glucose regulation were not overweight in childhood, but later became overweight due to an accelerated gain in weight that started already in childhood (Bhargava et al. 2004) .
Several patterns of growth during childhood have been associated with higher risk of T2D as well as with metabolic markers (e.g. adiposity, inflammatory markers and elevated blood pressure) associated with an increased risk of T2D. A recent meta-analysis, based on 17 studies, reported an OR for overweight/obesity of 3.66 (95% CI 2.59-5.17) in the presence of rapid weight gain before 2 years. The ORs being even higher when weight gain occurred before 1 year (Zheng et al. 2018) . However, study findings in relation to the impact of rapid weight gain during infancy in relation to metabolic proxies and risk factors for T2D have been highly inconsistent (Forsén et al. 2000 , Eriksson et al. 2003a , Barker 2005 , Leunissen et al. 2009 , Larnkjaer et al. 2010 , FabriciusBjerre et al. 2011 , Zheng et al. 2018 ).
Long-term longitudinal studies, like HBCS, have been criticized for being historical cohorts -which is certainly true. However, long-term follow-up studies are needed to be able to assess the true risk for T2D; also because T2D is a disorder associated with increasing age. Therefore, studies only assessing obesity and risk factors for T2D cannot provide hard outcomes. Further it is known that long-term consequences of childhood obesity can be largely modified by body size in adult life (Bjerregaard et al. 2018) . Therefore, overreaching conclusions based on studies applying intermediate outcomes cannot and should not be made.
Timing of adiposity or BMI rebound and T2D
BMI is commonly used as a proxy for adiposity, although not an optimal one, because, similarly to birth weight, it does not distinguish between fat and lean body mass. BMI is strongly and positively associated with T2D and related metabolic outcomes. However, not all obese people will develop T2D something clearly shown by the huge difference in prevalence of obesity and T2D in many populations. In addition to the previously discussed periods in early life associated with T2D, the timing of adiposity or BMI rebound needs to be acknowledged in relation to development of T2D.
In 1984 Rolland-Cacchera and coworkers proposed the term adiposity rebound to describe the increase in adiposity that occurs in children after infancy (RollandCachera et al. 1984) . In children there is usually a rapid increase in BMI during the first year of life, it then subsequently declines and reaches a minimum at around 4-6 years of age. BMI rebound is defined as the age after infancy at which BMI starts to rise again, and this is typically around 4-6 years of age. Rolland-Cacchera and coworkers demonstrated a relationship between age at adiposity rebound and adiposity at age 16 years. An early age at adiposity rebound has also been associated with obesity and the metabolic syndrome in adulthood (Péneau et al. 2016 , Giudici et al. 2017 .
Due to the importance of overweight and obesity as risk factors for T2D, some studies have also been assessing the association between age at BMI rebound and later risk for T2D. In the study by Bhargava and coworkers, it was shown that those individuals who developed IGT/T2D showed an early age at BMI rebound and an accelerated increase in BMI until adulthood. Interestingly, mean BMI at the time of BMI rebound was similar in those with IGT/T2D and in those with normal glucose tolerance. Only mean age at BMI rebound was significantly lower (6.3 years vs 6.7 years) in the group that developed IGT/T2D. Also the prevalence of IGT/T2D fell with an increasing age at time of BMI rebound. Those children with the youngest age at BMI rebound (≤5 years) had the highest BMI in later childhood which persisted into adulthood. Further they were characterized by thinness at birth and thinness throughout infancy (Bhargava et al. 2004) .
These reported findings from the Delhi cohort are similar to findings from HBCS 1934-44 cohort. Those who developed T2D had an early age at BMI rebound and an accelerated gain in weight and BMI, but not in height. In the HBCS cohort <1% of the children were obese according to today's standard. Similar to the findings in the Delhi cohort an early age at BMI rebound was associated with low weight and BMI at age 1 year. There was an almost fivefold difference in T2D prevalence according to age at BMI rebound; those with a BMI rebound <5 years of age had a T2D prevalence of 8.6%, while the corresponding number in those with a BMI rebound after 7 years was 1.8% (Eriksson et al. 2003b) .
Both maternal and paternal factors seem to influence age at BMI rebound. Maternal obesity has been associated with an 11.4 months earlier age at BMI rebound, while the corresponding number for paternal obesity was 6.5 months earlier (Aris et al. 2018) .
From a public health and preventive point of view the identification of factors associated with an early age at BMI rebound might be important as well as the identification of individuals with a young age at BMI rebound. Based on epidemiological studies the underlying explanations can only be speculated upon but certainly include genetic, epigenetic, environmental and lifestyle-related factors.
Maternal obesity, gestational diabetes and T2D in the offspring
The original hypothesis put forward by David Barker suggested that maternal undernutrition during pregnancy will influence fetal growth and consequently offspring body size at birth and modify later health outcomes. There are still globally too many regions where pregnant women suffer from undernutrition, but nutritional excess is also becoming a problem. Obesity is a considerable global health issue also among pregnant women. Within the European Union (EU) about one-third of women of childbearing age are overweight and every fifth is obese. A high maternal BMI is associated with several pregnancy complications (Norman & Reynolds 2011) .
There is increasing evidence suggesting that maternal adiposity also programs several long-term health outcomes in the offspring (Godfrey et al. 2017) . Maternal obesity is strongly associated with obesity in the offspring, and this association seems to be stronger for maternal than it is for paternal obesity, suggesting that it is not only due to a common genetic background. Further, maternal obesity is known to increase the risk of cardiovascular events and premature mortality among the offspring. A higher maternal BMI is also associated with an increased risk of T2D (Godfrey et al. 2017) . Findings from HBCS showed that the associations with T2D and maternal BMI during pregnancy were stronger in women (Eriksson et al. 2014) .
Obesity is one major risk factor for gestational diabetes (GDM). GDM is known to have adverse shortand long-term effects on the pregnant woman and her child, both during pregnancy and later in life. Fetal exposure to maternal hyperglycemia is a major risk factor for impairment in glucose regulation in later life (Fetita et al. 2006 , Malcolm 2012 , Mitanchez et al. 2015 .
The mechanisms explaining these findings, both in relation to maternal adiposity and GDM, probably include mechanisms associated with overnutrition of the fetus. As a consequence of maternal overweight and obesity glucose, insulin and free fatty acid concentrations are usually elevated (Godfrey et al. 2017) . This can result in programming of the developing fetus, making it more vulnerable to several obesity-related health outcomes. There are other potential underlying mechanisms including environmental, genetic and epigenetic mechanisms (Ramsay et al. 2002 , Catalano et al. 2006 , Gluckman & Hanson 2008 .
Conclusions and implications for future research
What can we learn from developmental and epidemiological cohort studies focusing on T2D? One important lesson with major public health implications is that there should be a paradigm shift; a shift from focusing upon risk factor modification in adult life to adopting a life course perspective when studying T2D and other NCDs. This paradigm shift will not only help us in getting a better understanding of the pathophysiology underlying T2D, but it will also open new possibilities and opportunities in the prevention of T2D and related disorders.
Why is body size at birth associated with later disease risk? According to the original hypothesis put forward by David Barker malnutrition during critical phases in prenatal life could have permanent effects on the structure and function on several body systems, including skeletal muscle, liver, kidneys and pancreas. This process often called fetal programming results in a 'thrifty phenotype', which is programmed to preserve brain growth and optimize immediate survival at the expense of other organs of 'less immediate importance'. Growth comprised organs cannot compensate later in life when exposed to excess nutrition, the consequences being hyperglycemia, dyslipidemia, elevated blood pressure and related metabolic consequences.
A small body size at birth is associated with at least two classical features of T2D, namely insulin resistance and an impairment in insulin secretion, the latter being largely due to the presence of a smaller pancreas with fewer insulin producing beta-cells (Snoeck et al. 1990) . A small body size at birth is also associated with a smaller muscle mass in adult life and a higher body fat percentage, another characteristic predisposing to insulin resistance and T2D (Ylihärsilä et al. 2007) . The possibilities to modify body size at birth are small; however, based on epidemiological studies we have been able to recognize several developmental pathways during childhood that are associated with an increased risk for future disease, including T2D, hypertension and chronic kidney disease. This increased knowledge should be used to plan and initiate preventive efforts early in the life course. These preventive measures will primarily be based upon lifestyle modification and will not target only T2D but a large number of other NCDs.
Today it is commonly agreed that the DOHaD concept should be viewed as part of a larger biological mechanism of developmental plasticity. Plasticity enables the organism, in response to various cues to adapt and modify its phenotype to the prevailing environment. These adaptations may be of immediate benefit or they can aim at prediction of future environment. Present evidence suggests that the plastic phase in humans extends from conception for at least during the first 2 years of life or the first 1000 days of life. Theoretically plasticity provides the developing organism with the capacity to respond to changes in environment; this has also been called predictive adaptive responses. In case the prognosis goes wrong and there is a mismatch between the predicted future and the real future, disease risk increases. For the prediction to be accurate the environment should remain the same from conception to adulthood. However, in the world of today there is commonly a 'mismatch' between prenatal environment and postnatal environment associated with overnutrition and lifestyles predisposing to several NCDs including T2D. Interestingly, theoretically if an individual born small remains small throughout the life course a small body size at birth is not necessarily associated with markedly increased adverse health outcomes in later life. However, if there is a mismatch between body size at birth and body size attained later in childhood the risk for adverse health outcomes increase.
There is now growing evidence suggesting that the effects of programming may also manifest in future generations without any further exposure. In other words the existence of transgenerational effects, by which an early life exposure may affect the health also of future generations, has been proposed and reported (Gluckman et al. 2010 , Aiken & Ozanne 2014 , Bygren et al. 2014 . The most plausible underlying mechanisms explaining this phenomenon are epigenetic ones.
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